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CORROSION FATIGUE AND ELECTROCHEMICAL REACTIONS
IN MODIFIED HY130 STEEL

Gunchoo Shim* and R. P. Wei
Department of Mechanical Engineering and Mechanics

and
Center for Surface and Coatings Research

Lehigh University
Bethlehem, PA 18015

1~ ABSTRACT

To investigate the relationship between corrosion fatigue
crack growth response of high strength steels in aqueous environ-
ments and electrochemical reactions at the crack tip, fatigue and
electrochemical simulation tests were carried out on a modified
HY-130 steel in acetate buffer solution.

Corrosion fatigue crack growth rates were determined as a
function of temperature (276 to 363 K) and frequency (0.03 to
10 Hz) under open circuit conditions. The electrochemical simu-
lation experiments were carried out over the same range of' tem-
peratures, and measured the galvanic current transient between a
clean and an oxidized surface and the corresponding mixed poten-
tial. These experiments were based on the assumption that the
newly created surfaces at the crack tip and its neighboring
oxidized surfaces formed a localized galvanic cell.

Results from the two sets of experiments strongly suggested
electrochemical reaction control of corrosion fatigue crack
growth. The electrochemical experiments indicated that hydrogen
evolution in this system followed the Volmer-Heyrovsky mechanism..
Because of uncertainties associated with extraneous charges in-
troduced by cathodic cleaning of the clean surface, a definitive
correlation and an identification of the rate controlling process

coud otbemae.The results and methods for alleviating this
difficulty are discussed.

*Nw it heKoen In st it u te of Energy and Resources, Energy
* Laboratory, Chungnam, Korea
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INTRODUCTION

Corrosion fatigue (CF) crack growth of high strength steels

in aqueous environments is generally attributed to hydrogen em-

brittlement in the highly strained rpgion immediately ahead of

the crack tip [1,2]. This localized hydrogen embrittlement is

considered to be the result of a number of processes operating

in sequence, with the rate of crack growth controlled by the

slowest process in this sequence. The controlling process in a

given system would depend on the material and the environmental

conditions.

Recent results on fatigue crack growth in a modified HY130

steel at different frequencies indicated at least two regions of
crack growth in the aqueous environments [3]. These results are

reproduced in Fig. 1, along with data obtained from separate

tests In vacuum (<10-6 Pa) and in water vapor (at 40 and 100 Pa).

The data in water vapor are shown as a function of equivalent

exposure (i.e., pressure divided by twice the frequency, po/2f)

on the left side of Fig. I, and those in the aqueous environ-

ments, on the right, as functions of 1/2f (representing the

effective time for reactions during a fatigue cycle). The crack

growth rate in water vapor reached a plateau or saturation value

which corresponded to the growth rate in the aqueous environments

at high frequencies, and to that observed in moist air. This

correspondence in fatigue crack growth rates has been observed

also by other investigators [4-6]. These observations strongly

suggested that corrosion fatigue crack growth in this region is

controlled by a common reaction process; namely, the dissociative

chemisorption of water on the bare metal surfaces to produce

hydrogen [7-9]. With decreases in frequency, further increases

in crack growth rates in the aqueous environments towards a

second plateau were observed. It is believed that this addi-

tional increase (and possible further increases) in growth rate

is associated with hydrogen that is produced by the electrochemi-

cal reactions at the crack tip, and that the crack growth re-

sponse is controlled by these reactions.

--0-- - , ..
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The objective of this research was therefore to establish a

positive correlation between the rates of corrosion fatigue crack

growth and the kinetics of electrochemical reactions at the crack

tip. Based on the experimental observations, a modified super-

position model has been proposed for use in analyzing the corro-

sion fatigue data, Eqn. (1), for Kmax below KIsCC [31.

(da/dN)e = (da/dN)* + (da/dN)0 f (1)

where (da/dN)e - fatigue crack growth rate in aqueous solution;

(da/dN)* - reference crack growth rate in aqueous solution, cor-

responding to the first plateau; (da/dN)cf - contribution from

the second (electrochemical) reaction step; Kmax = maximum stress

intensity factor in a given fatigue loading cycle; and KIscc =

threshold K for stress corrosion cracking. The corrosion fatigue

term, (da/dN)cf, was assumed by Wei and Shim [3] to be propor-

tional to the amount of hydrogen produced (hence, to the extent

of electrochemical reactions each cycle), and is to be directly

related to the kinetics of and the time for these reactions.

Justification for this assumption is based on previous work on

gaseous systems, and is given in [3].

Because it is impossible to make in-situ measurements of

electrochemical reaction kinetics at the crack tip during crack

growth, simulation techniques must be used. Since the crack-tip

potential is not always known and can be quite different from the

applied potential, it is difficult to make use of potentiostatic

techniques, such as the potential step and the scratching elec-

trode methods. In these techniques the current decay transient

is measured under potentiostatic conditions after a clean metal

surface Is suddenly exposed to an electrolyte. The current

transient reflects the rates of the electrochemical reactions,

and consequently are to be related to crack growth rates. Clean

metal surfaces (i.e., those free of oxide films or corrosion

products) are obtained presumably by holding the specimen at a

cathodic potential or by mechanically scratching the specimen

surface.

eI

V.



These techniques, however, presume that the potential at the

crack tip is either the same as that applied at the surface of

the fatigue specimen or can be correctly simulated. In practice,

however, such is not the case. Even for highly conductive elec-

trolytes, the difference between applied and crack tip potentials

may not be negligible. In some cases, solid or gaseous corrosion

products may obstruct the ionic path, thereby effectively iso-

lating the crack tip region, and the crack tip potential would be

almost independent of the applied potential and be nearly equal

to the free corrosion potential [10-14]. The applied potential

would then have little or no effect on crack growth rates.

To avoid these difficulties, a new experimental technique is
devised to simulate the electrochemical reactions at the crack

tip during CF crack growth under open circuit conditions, and is

used to examine the relationship between these reactions and 0..

crack growth response. This technique is based on the assumption

that the clean metal surface at the crack tip and its oxidized

surroundings form a localized galvanic cell: the former acting as

the anode and the latter as the cathode. The current flow be-

tween the two electrodes is expected to reflect the rates of %

electrochemical reactions during a given fatigue cycle.

The relationship between electrochemical reactions and cor-

rosion fatigue crack growth rates is examined through the temn-

perature and frequency (or time) dependence of these two pro-

cesses. Temperature affects the kinetics of electrochemical

reactions, while frequency determines the time available for

these reactions as well as the degree of mechanical pumping of

solution into and out of the crack tip region during fatigue.

The fatigue crack growth rate in a given aqueous solution is

therefore measured as a function of temperature and frequency

under a constant-AK condition. Electrochemical experiments in

the same solution are carried out to determine the kinetics of

electrochemical reactions, or more specifically hydrogen evolu-

tion reactions, as a function of temperature. The crack growth

data are analyzed in terms of a react ion-control led model [3),

,ind the possibilities of relating these results to the measured
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hydrogen evolution kinetics data obtained tram the electrocheml-

cal experiments are examined.

MATERIAL AND EXPERIMENTAL WORK

Material and Test Environment

A 12.7 mm-thick plate of modified HY130 steel, containing

slightly higher amounts of Ni and lower Mn than HY130 steel, was

provided by the Research Laboratory of United States Steel Corpo-

ration for study. This modified version of HY130 steel is consi- K
dered to be less susceptible to temper embr:ttlement, and is

termed the "stress-relievable modification" of HY130 steel by the

producer. (Unless otherwise specified, the designation of HY130

steel in this paper refers to this modified grade.) The plate

was cross-rolled, austenitized at 1090 K, water quenched, and

tempered at 880 to 894 K. A 25.4 mm thick plate of regular

HY130 steel was also used for some of the preliminary corrosion

fatigue tests. The chemical composition and mechanical proper-

ties of these steels are given in Tables 1 and 2. The micro-

structure of the modified HY130 steel was observed to be composed

of ferrites and tempered martensites.

An acetate buffer solution (pH - 4.2 at 298 K), consisting

of an equivolume mixture of 0.3N glacial acetic acid and 0.137N

sodium acetate, was used as the primary electrolyte. This

solution was selected because its stable buffering range included

values of crack-tip pH reported by Brown et al. [15] and Parrish

[16). For this buffer solution, at pH - 4.2, it was assumed that

there would be little difference In pH between the bulk and crack

tip electrolytes during fatigue [15,16]. As such, the crack tip

conditions can be satisfactorily simulated in a standard electro-

chemical cell to facilitate the measurement of reaction kinetics.

The solution was deaerated with nitrogen before and during the

test to remove dissolved oxygen.

Exjerimental Procedures

Corrosion Fatigue Test

Modified compact tension (CT) specimens, with thickness -

12.6 mm, width - 63.5 mm, and half-height to width ratio (H/W) -. ,

V

" • • ,-, . .,.,€.,-,- ., ..,, .- .., --.. ..,. .. ... ...- .- ..- ,- ,' # .. .. ..7..
, , , • .. • . • -. . 7. . . . *.. . . . . . , ," .. . .
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0.6, were used for determining the crack growth kinetics. The

orientation of the specimen was LT; that is, with the crack plane

normal to the major axis of rolling and the crack growth direc-

tion parallel to the long transverse direction of the plate. A

15.9 mm long starter notch was introduced into each specimen by

electrospark discharge machining (EDM). All specimens were pre-

cracked by fatigue in air. The fatigue precrack was about 9.5 mm

from the tip of the starter notch to ensure submergence of the

crack tip in the electrolyte during subsequent testing.

Fatigue crack growth tests were conducted under constant AK

conditions using a computer-controlled closed-loop electrohydrau-

lic testing machine. A compliance method was used to monitor

crack growth [17]. The fatigue crack growth rate (da/dN) was

obtained by linear regression analysis of the steady-state crack

length versus number of elapsed cycle (a vs. N) data for each

condition. Uncertainty in the average da/dN value, for a given

specimen and AK, was within ± 0.5%. Because of specimen to

specimen variations that can be caused by other factors (such

as, differences in temperature, specimen alignment, and possible

variations in mechanical properties with specimen location), the

overall uncertainty was estimated to be ± 10%.

The crack growth tests were carried out in the acetate

buffer solution under open circuit condition. Some of the tests

were done under potentiostatic control to examine the effects of

applied potential on crack growth rates. To minimize general

corrosion and the current needed for maintaining a constant

applied potential, the specimens were coated with epoxy, except 64"

for narrow surface strips along the anticipated crack path. A 0

Princeton Applied Research (PAR) model 173 potentiostat was used

for the potentiostatically controlled tests. For tests under a

constant potential, the tip of the Luggin capillary for the

Ag/AgCl reference electrode was manually kept close to the ad-

vancing crack tip. Two graphite electrodes were used as the

counter electrodes. Nylon coated loading pins were used to

ensure electrical isolation of the specimen from "ground".
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Electrochemical Test

Experimental setup for the electrochemical tests consisted

of four major parts: the electrochemical cell containing the

electrolyte and electrodes, the zero impedance ammeter which

measures the galvanic current [18], the electrometer which mea-

sures the mixed potential of the galvanic couple, and the dc

power supply for cathodic cleaning of the working electrode (see

Fig. 2). The HY130 steel electrode (b), which is maintained

clean by cathodic polarization, represents the newly created

crack surface at the crack tip, while another HY130 steel elec-

trode (d) with an oxidized surface represents the crack surfaces

adjacent to the crack tip. The kinetics of electrochemical

reactions in this electrochemical cell, then, would correspond to

that of the crack-tip reactions. The experiments essentially I:v
involved measuring the current decay when the clean electrode (b)

was suddenly coupled with the oxidized electrode (d).

A circular disk of HY130 steel (1 cm 2 in area) was employed

as the working electrode (anode), while a cylindrical specimen

(1.82 cm 2 in area) of the same steel was used as the counter

electrode (cathode) for galvanic coupling. Before each test, the

working electrode was polished with 4/0 Emery paper and was

cleaned with methanol in an ultrasonic cleaner. After rinsing

with distilled water, the specimen was cathodically cleaned in a

separate cell, in a borate buffer solution (consisting of an

equivolume mixture of 0.15N boric acid and 0.15N sodium borate,

at pH - 8.8) to remove air-formed oxides. The specimen was then

taken out, rinsed again with distilled water, and was quickly I
transferred to the main test cell.

Pre-cleaning in the borate buffer solution was necessary

because cathodic reduction of air-formed oxides in the acetate

buffer solution alone was not effective and failed to give repro-

ducible results. The shape of the specimen holder was such that 0

the specimen surface was covered with water which ensured against

exposure to air during transfer from the pre-cleaning cell to the

main test cell. After transfer, the specimen was held at -1.7V

(Ag/AgCl) to reduce any remaining or new oxides. This double

ail.
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cleaning procedure provided good reproducibility and was used for

all of the electrochemical experiments.

The cylindrical (oxidized) specimen, or the counter elec-

trode, was simply placed in the main cell and allowed to react

freely with the solution. With both electrodes in the cell, the

4 working electrode was suddenly switched off from the cleaning

circuit and connected to the counter electrode. The resulting

* current transient between the two electrodes was monitored with

the PAR potentiostat (model 173/376) which operated as a zero

impedance ammeter [18]. The corresponding transient of the mixed

potential of the galvanic couple was also measured with respect

to an Ag/Ag~l reference electrode (3.OM NaCl filling solution).

EXPERIMENTAL RESULTS

Corrosion Fatigue Test

Reference Crack Growth Rate

Fatigue crack growth rates in vacuum (10-6 Pa) at two

temperatures, and in 40 Pa water vapor (5Hz) and air (410% Rela-

tieHumidity, 1z)at room temperature are shown InFig. 3.

The apparent independence of crack growth rates on temperature in

vacuum (see Fig. 3), coupled with the experimental evidence [7]

showing that the maximum extent of surface reaction between iron

and water vapor is also independent of temperature, implied that

* the saturation crack growth rate in water vapor or in air must be

independent of temperature (at least In this temperature range).

Although fatigue experiments in water vapor and In air were

* ~conducted only at room temperature in this study, the experimen- ,'

tal results of Atkinson and Lindley [1 9], showing no effects of I.

temperature on crack growth rates of A533B-1 steel in air at 293

to 363 K, confirm this implication. These observations support

the use of the first plateau crack growth rate (see Eqn. (1 )) as V

the base level, or reference crack growth rate (versus that in

vacuum) for assessing the contribution of electrochemical reac-

tions to crack growth.
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The asterisk in Fig. 3 denotes the crack growth r:'t-, i

disti lled water at AK of 40 MPa-m I  (10h, 1 K). It m ,v

noted that crack growth rates in water vapor arid in air at K

40 MPa-m I /2 all f;l I on the first plateau cr artk growth rate :-,iwi

in Fig. 1. Tht. :-iim - is true for the cr )ck p',rowl h rh t' a 1,

ti I I 'd water :t l Hz. The room temperature crack growth r

in these environments at high frequency, therefor,, may b, u i.

as the reference rate, (da/dN)r*,  from approximately rom tmp-' i- .

ture up to at least 363 K. In this study, (da/dNl* wasi four: L,

be 3.18 x 10 o it, AK of 40 MPa-m I / 2  (with R = 0. 1)

Effects of Applied Potential on Crack Growth Rates

Const int A K tosts were also carried out to determie t,

, Crects of app1 i ed p,)tenr i al on crack growth rates. Tables i %

so..,.)w crick ,r,)wti dit i ,t. two AK levels and t wo freq ,; ,;

ander various polarization conditions. It may be notd '.,

there was little inif'luence of -ipplied potential; with the. -rc-k

growth rates under !he different applied potentials essenti,! y I .

,.'hlI to th s , t. the open circui t potent ial. The;e rh.; .'.3

5(ippor't the sugg-st ion made by Pickering and coworkers [1- [ U

that the crack tip remains essentially at the free corroJ I,.

potential regardless of applied potential, which probably r::it .*-. -.

"rom blockage of the electrolytic path by hydrogen bubbles,.

Effects of Temperature and Frequency on Crack Growth hat,

rhe crack growth data obtained in acetate buff,.,r . 1 1t i

fu n( t ion ,t' fr qluer! r-y arid temperature are shownr in .'i F .'. 1i .

,i ;:3. is giv,,n in 1/2f which i: cons idored to be , 1uiv I.:rTl 1

the time ,ivailanle for reactions in a given loading cycl,

vi ty be noted that in this environment increases in temper,j't ,,

i'1,?, the 2rack growth rates to shift to higher frequencie. ,'t

t,) th., left. At any given frequency, crack growth rates

f st,, t higher temperatures indicating at least one of

reaoti )n steps leading to embrittlement of the material is th, -'

m~ :IIy iet i v ited . \% ,

7--r,

4S'
• u".n
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Galvanic Cell Experiment

Typical galvanic current transients (normalized to peak

currents) obtained at several temperatures are shown in Fig. 5.

Figure 6 shows several current transients obtained at room tem-

perature in a log-log scale. It may be noted that the reproduci-

bility was very good except near to the end of each test when the

surface condition at the anode approached that of the cathode.

The initial portion of the current transient, though fairly

reproducible, contained information other than that from the

anodiic reaction process on the clean metal surface. Because the

working electrode was cathodically cleaned in-situ before gal- .

vanic coupling was made, electrical charge was accumulated in tho

electrical double layer at the metal-solution interface, as well

as in the layer of adsorbed hydrogen, during cleaning. When

coupling of the electrodes was made, this accumulated charge was
* dissipated and contributed to the current transient, along with

charge transfer from the anodic reactions that are of interest.

The observed current transient, therefore, represented the sum of

these currents. This is a key point, and governs the usefulness

*of the test results. If the accumulated charge during cathodic

cleaning is large enough, its discharge can overshadow the cur-

rent from the anodic reaction process. The galvanic cell experi-

ment then may not properly simulate the electrochemical reactions .P

at the crack tip, and furnish useful information. This point

will be discussed later in more detail.

DISCUSSION

Analysis of Electrochemical Data

To facilitate the interpretation of results, the processes

that give rise to the observed current and potential transients

in the galvanic cell experiment are considered. At any given

point during the current transient, the oxidation rate at the

ainode must equal the reduction rate at the cathode to maintain

reflection of either the anodic or the cathodic reaction rate,

(.ven though the rate would be determined by one or the other IA



- II -

process. Although anodic reactions for iron in acidic solutions

have been studied, there is still no consensus on the mechanisms

of the oxidation reactions [20-22]. On the other hand, since

hydrogen embrittlement is considered to be the mechanism for CF

crack growth of HY130 steel in this environment, it is of inter-

est to examine the data in terms of the cathodic partial reaction

rate, which is also reflected by the current transient.

The following two mechanisms for hydrogen evolution in

acidic solutions are generally accepted [23-25].

I. Volmer-Heyrovsky Mechanism:

Fe + H + + e- + FeHads (Volmer Reaction) (2)

FeHads + H + e H2 + Fe (Heyrovsky Reaction) (3)

II. Volmer-Tafel Mechanism:

Fe + H + + e- + FeHads (Volmer Reaction) (4)

FeHads + FeHads +2 + 2Fe (Tafel Reaction) (5)

where FeHads denotes the adsorbed atomic hydrogen. Both mecha-

nisms are examined and are compared with the experimental

results.

When the fractional coverage 8 by FeHads is less than 0.2 or

greater than 0.8, rate equations can be expressed by Langmuir

conditions. However, when the coverage 8 is between 0.2 and 0.8,

interactions between the adsorbed atoms become appreciable.

Temkin [26] proposed that standard free energy of adsorption

would decrease linearly with coverage.

AG 8 = AGO - re (6)

where AG8 and AGO are the standard free energies of adsorption at

coverage 8 and on the free surface (8 = 0), respectively; and r,

is a constant. When 8 is small, Temkin conditions approach

Langmuir conditions.

Volmer-Heyrovsky Mechanism

Assuming that the backward reaction rates are negligible in

comparison with the forward reaction rates, the following rate



-12-

equations may be written in accordance with Thomas [27).

aF(E - Er) + are
V1 - kl(aH)(1 - e)exp[--------- r-------1(7)

RT

BF(E - Er) - Bre

2 = k2 (a+) e exp[- 2-] (8)
RT

where a+ is the activity of hydrogen ions at the electrode sur-

face; E is the potential of the electrode; Er is the reversible

hydrogen potential; F is the Faraday's constant; R is the gas

constant, and T is the absolute temperature. The parameters a

and 8 are the symmetry factors of energy barriers (0 < a < 1;

0< < 1). Since k1 , k 2 , a+ and Er are all constants at a given

temperature, they may be grouped into two constants K I and K 2 .

aFEr (9K I  k I (a+)expl'- .'--I (9)

K2 = 2(aH)exp[--]f (10)

The mass balance of the adsorbed species can be expressed as

follows:

v(de/dt) v - v 2  (11)

or
1-

aFE + tare

v(de/dt) = Kj(1 - e)exp[-- -
PT

OFE - 8rO -

- K 2  9 exp[- 2 (12)

RT

where v is a constant linking the fractional surface coverage e
to the surface concentration of Fe ads in Mlm 2 . The quantity V -

is considered to be equal to 10 - Mim 2 [28], which corresponds to ,.

about one monolayer of surface coverage, or one adsorbed hydrogen

(FeHads) to one surface iron atom.
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The total current is given by the following expressions:

i - pFA(v 1  + v2 ) (13a)

or

aFE + lare
i - pFA (Kj(1 - O)exp[ - ........

RT
1.

BFE - !Oro
+ K2  8 exp[ RT------ (13b)

HT

where A denotes the nominal surface area of the cathode, and p is

the roughness factor of the cathode.

Volmer-Tafel Mechanism

For this mechanism, the rate equations can be written as

follows:

mFE + lare
V 1  - K 1 (1 - e)exp[- RT .- (14)

RT ;

Bre

2 2 a
2exp[- RT (15)

The equation for mass balance is given by Eqn. (16).

v(de/dt) - 2v1  - v2  (16)

The factor "2" comes in because the partial step in Eqn. (4) must

occur twice to satisfy the requirements of Eqn. (5). Since the

reaction step given by Eqn. (5) is purely chemical in nature, the

current comes only from the first step given by Eqn. (4).

I - pFAv1  (17)

Comprarison with Exe rimental Data

If hydrogen evolution occurs by the Volmer-Heyrovsky mecha- .

nism, Eqn. (13b) should adequately describe the experimentally

observed current and potential transients. To obtain the current

I in Eqn. (13b), it is necessary to first solve for a from

Eqn. (12). This was done numerically for all possible combina-

tions of the Volmer-Heyrovsky and Volmer-Tafel mechanisms. The

results showed that only the coupled (equally rate limiting)

PL
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Volmer-Heyrovsky mechanism was consistent with the experimental

data. By incorporating this finding from the numerical analysis

as simplifying assumptions, an approximate analytical solution A

can be obtained (see Appendix), and used to facilitate compari-

son. The approximate analytical results are shown by following

equations:

e - [1 - exp[- - exp(-aFE/RT)dt]) (18)
2 V 10

i - pFAKjexp(-aFE/RT) (19)

or

E- (in pFAK -n i) (20)

Equation (20) shows that the potential (E) and the logarithm of

the current (Ln i) have a linear relation with a slope of RT/aF,

which is the steady state cathodic Tafel slope for the Volmer-

Heyrovsky mechanism [27,29].

Following Flitt and Bockris £30), a value of 1/3 was assumed

for a and 8. The slope RT/aF was then calculated for several

temperatures and is shown with the experimental data (Fig. 7).

Although a and B are usually assumed to be 1/2, Thomas [27)

pointed out that there is no reason why they should not have

values other than 1/2, and Flitt and Bockris 130) showed a value

of 1/3 provided better agreement with experimental data on hydro-

gen evolution from 0.2C steel in 0.4M H 2 SO 4 solution. Figure 7

shows good agreement between these theoretical slopes and the

actual experimental data at four different temperatures. The

value of K, at each temperature determines the vertical position

of each straight line. Conversely, K I can be determined from

experimental data by a linear regression analysis using Eqn. (20)

as the fitting function. This is justified by the match between

the slopes predicted by Eqn. (20) and the data. It was found

that K I followed an Arrhenius relationship (Fig. 8), with an

estimated activation energy for the Volmer reaction (formation of

FeHads by hydrogen ion discharge) of about 43.7 ± 1.2 kJ/M.

Since K 2 was assumed to be equal. to K, (see Appendix), it fol-

-..
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lowed that the activation energy for the Heyrovsky reaction

(i.e., the electrochemical desorption of hydrogen) was also equal

to about 43.7 1 1.2 kJ/M.

Figure 7 shows that the linear relation breaks down at the

less negative (or less cathodic) potentials, especially at higher

temperatures. One possible reason for this breakdown is that

the backward reaction rates in both the Volmer and the Heyrovsky

reactions were ignored in deriving Eqn. (20). As the surface

conditions of the anode and the cathode approached each other,

the potential difference between them became small, and the

backward reactions became significant and could not be ignored.

Because of higher reaction rates, the deviation occurred sooner

at the higher temperatures. A second possibility is the break-

down of the simpler Langmuir relationship (versus Temkin's rela-

tion) at the higher coverages. The deviation from linearity,

observed at the more negative potentials at 273 K, however, is

not understood.

As a further comparison, current as a function of time can

be computed by Eqn. (20) from the observed potential E versus

time data. In Figure 9 these computed results are shown as open

symbols superimposed on the observed current transients which are

shown as solid curves. Again, the agreement is excellent until

deviation from the assumptions for Eqn. (20) became significant.

The agreement between the observed In I vs. E slope and the

steady state Tafel slope may be explained by the concept proposed

originally by Eyring and coworkers 131-331 in their study of the

potential transients that resulted from sudden straining of

metals In aqueous solutions, and may be best described in terms

of the conventional polarization curves (Fig. 10). Prior to

coupling, the counter electrode is at the corrosion potential of

the system, with the rate of oxidation equal to that of reduc-

tion, and the steady state anodic and cathodic polarization

curves of the system are shown in Fig. 10 as curves a 4 and c,

respectively. When coupling is made, however, the anodic reac-

tion rate increases enormously because of the large fresh anodic
... !

Wtpr +p# , , . • , ; + q : 1.
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area provided by the clean working electrode. This increase in

area is akin to the production of new surfaces by sudden strain-

ing. On the other hand, the cathodic area and so also the

cathodic reaction rate remain essentially unchanged. As a re-

sult, the anodic polarization curve moves far to the right (curve

at), while the cathodic curve remains at the same position. As

the surface condition of the clean electrode approaches steady

state, the anodic curve shifts back to the original position.

The shift of the mixed potential is, in this sense, the shift of

corrosion potential towards a steady state corrosion potential.

Since the intersection point is considered to move along the

cathodic polarization curve, the slope of the observed Ln i vs. E

curve should match the Tafel slope.

Two possible reasons may be offered to account for the

observed deviation of the experimental data from the linear

relation given by Eqn. (20)) at long times. The first reason,

given earlier, is that the backward reaction rates in the Volmer

and the Heyrovsky reactions became significant as the mixed

potential approached the corrosion potential of the system. The

second reason is that the measured current did not represent the

total current available from the anodic process. As the anode

became oxidized, a portion of the current would flow to the

oxidized region which acted as another cathode, and would not

have been measured. The measured potential, being the mixed-4

potential, was not subjected to this difficulty and the predicted

current tended to be higher than the measured current, particu-

larly at long times when the cathodic area on the specimen sur-

face became large (Fig. 9). This effect, however, is not ex-

pected to be significant when the anodic area is small in rela-

tion to the cathodic area; which would be the case at the crack

tip.

In summary, it was found that the observed currents and

potential transients could be adequately described by the Volmer-

Heyrovsky mechanism. A similar analysis has been made for the

Volmer-Tafel mechanism. The results suggested, however, that

!2.



- 17 -

the Volmer-Tafel mechanism was not applicable to the system used

in this study.

Electrochemical Reaction Kinetics and (da/dN)cf Correlation

The corrosion fatigue experiments showed that the growth

rates exhibited two regimes of response with changing frequency.

The first regime is purely chemical in nature, and is attributed

to the reaction of water molecules with (or initial adsorption

on) the clean metal surface at the crack tip. The second regime

is electrochemical in nature, and is strongly dependent on fre-

quency and temperature. The crack growth rate Increased with

decreasing frequency, reaching an apparent plateau (or satura-

tion) at low frequencies. With increasing temperature, the over-

all response shifted to higher frequencies, although the plateau

rate remained essentially unchanged. These results are consis-

tent with a model for electrochemical reaction controlled fatigue

crack growth [3], with an apparent activation energy of

35.5 ± 7.2 kJ/M. This apparent activation energy for crack

growth compared well with 43.7 ± 1.2 kJ/M for the Volmer reaction

(formation of FeHads by hydrogen ion discharge) of the Volmer-

Heyrovsky hydrogen evolution mechanism (see Fig. 9). Since

(da/dN)cf was assumed to be proportional to the amount of hydro-

gen entering the steel 1-3], which is in turn proportional to

the surface coverage by atomic hydrogen, this match in activation

energies appears to indicate a direct correlation between

(da/dN)cf and the hydrogen ion reduction reaction.

This apparent correlation, however, fails to identify unam-

biguously which reaction (cathodic or anodic) is actually in

control. If the cathodic reaction rate is slower than the anodic

reaction rate, crack growth rate will be controlled by the

former. On the other hand, if the anodic reaction is slower, it

will control the overall reaction, and the observed activation

energy for the formation of FeHads would not be representative of

the process, but would reflect the temperature dependence of the

anodic process. Because these reactions are coupled, even if the

cathodic reaction were rate controlling, the extent of cathodic

%4 .i::
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reaction will still be limited by the anodic reactions at the

fresh metal surface.

If the galvanic cell experiment truly simulated the reac-

tions at the crack tip, then the kinetic data thus obtained may

be used to predict the corrosion fatigue crack growth response.

In the galvanic cell experiment the clean metal surface was

obtained by cathodic cleaning, which caused an accumulation of

extraneous charges on the working electrode. These extra

charges, on the other hand, would not be present on the crack tip

surfaces under open circuit condition. In the galvanic cell

experiment, these extra charges would be transferred and would

contribute to the total current. Depending on the relative

contributions of charges from cathodic cleaning and from the

whole reaction process, the galvanic cell experiment may or may

not properly simulate the electrochemical reaction at the crack A'.
tip.

Four possible situations may be envisioned and are illus-

trated in Fig. 11, where E.e represents the extra charges; A,

charges available from the anodic process; and C, charges con-

sumed by the cathodic process. The width of the connecting

passages depicts schematically how fast electrons from each re-

servoir are supplied or consumed; that is, the reaction rate of

each process. The rate of supply of electrons must be equal to

the rate of consumption in the overall process.

In Cases 1 and 2, the total reaction rate is assumed to be

controlled by the cathodic reaction rate, which is the slowest.

For these cases, the kinetics of the hydrogen evolution reaction

would be measured correctly by the galvanic cell experiment,

irrespective of the presence of the extraneous charges, and can

be directly related to the crack growth kinetics. The extent of
reaction (which would have been limited by the anodic reaction),

however, would be affected. In Case 3, the amount of extraneous

charges is assumed to be small, and would be exhausted in a very

short time. The remaining current would then reflect the cou-

' pling between the anodic and the cathodic reactions, and is
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Nh
assumed to be controlled by the anodic reaction rate. In this

case, the galvanic cell experiment would still adequately repre-

sent the crack tip reactions, except at the very beginning when

the extra charges are being dissipated. In Case 4, the extra-

neous charges are assumed to be more than that available from the

anodic reaction process, and represent the primary source of

electrons. The anodic reaction process (even if it would be

rate-controlling) would be overshadowed by the initial transfer -

of these extra charges. In essence, the cathodic process would
appear to be In control. The galvanic cell experiment then would

not properly simulate the reactions at the crack tip, and the

resulting correlation with crack growth would be fortuitous.

The experimental results now suggest that the extraneous d-

charges due to cathodic cleaning may have been excessive, and

the results could not be used to make a positive correlation

between the electrochemical kinetics and crack growth response,

particularly with respect to the rate controlling process.

Resolution of this uncertainty must be made to arrive at a m~ore

complete understanding of the role of electrochemical reactions

in corrosion fatigue. Nevertheless, it should not be overlooked

that the galvanic cell experiment was shown to be adequate for

obtaining information on hydrogen evolution kinetics, and pro-

vided identification of the Volmer-Heyrovsky reactions as the

mechanism for hydrogen evolution in this acidic electrolyte.

Since the extraneous charges were introduced by cathodic

cleaning, an obvious way of alleviating the problem is to produce

the clean metal surface by mechanical means. A modified scratch-

Ing electrode method may be Used, whereby a masked working elec-

trode is coupled to the freely corroding cathode and then
scratched to expose fresh metal surfaces. Alternatively, a spec-

imen may be fractured inside the electrochemical cell to generate

the requisite clean surfaces. These possibilities are being ex-

plored.

%7
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SUMMARY

Corrosion fatigue behavior of a modified HY130 steel in

aqueous environments was studied as a function of frequency and

temperature at AK of 40 MPa-m I /2 . Two regimes of reaction-

controlled corrosion fatigue crack growth were found; one, purely

chemical and the other, electrochemical in nature. Major en-

hancement In crack growth rates was associated with the latter

regime. This second regime was shown to depend strongly on

temperature and frequency. These results are consistent with a

model for surface/electrochemical reaction controlled fatigue

crack growth. " .

A new electrochemical measurement technique was devised to

investigate the correlation between crack growth response and

electrochemical reaction kinetics. The technique was intended

for simulating the electrochemical reactions at the crack tip

during corrosion fatigue under open circuit conditions. Analysis

of the experimental results obtained by this technique showed

that hydrogen evolution in modified HY130 steel in acetate buffer

solution (pH - 4.2) proceeded by the Volmer-Heyrovsky mechanism

(rather than by the Volmer-Tafel mechanism). The apparent acti- - 4

vation energies for the Volmer reaction (formation of FeHads by

hydrogen ion discharge) and the subsequent Heyrovsky reaction

(electrochemical desorption of adsorbed hydrogen) were found to

be 43.7 ± 1.2 kJ/M. .-J.

The match between the activation energy for the Volmer-

Heyrovsky reactions and that for corrosion fatigue crack growth

of 35.5 ± 7.2 kJ/M [31, suggested a correlation between these two

processes. However, because of uncertainties introduced by the

accumulated charges during cathodic cleaning in the simulation

experiment, no definitive correlation or identification of the

rate controlling process (anodic or cathodic) could be made. In-

situ breaking of a specimen inside the electrochemical cell and

the use of a modified scratching electrode method are being

considered to alleviate this difficulty. The evidence for elec-

trochemical reaction control of corrosion fatigue crack growth,

though must be viewed as being circumstantial, is compelling.
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APPENDIX

The rate equations for the electrochemical desorption mecha-

nism given (Eqns. (7) and (8)) are written for Temkin conditions.

To facilitate comparison with experimental data, however, the

simpler Langmuir conditions were assumed in place of Temkin

conditions at low coverages (less than about 0.4) [27,30]]. Then

the term 1/2(arO) may be neglected. Following the literature,

further simplification can be made by assuming a =

Equations (7) and (8) then may be rewritten as follows:

v1  . K1(1 - O)exp(-aFE/RT) (Al)

v = K2  e exp(-aFE/RT) (A2)

If the first and the second reaction steps are coupled and are

equally rate limiting at steady state, i.e., if v, equals v2,

then the following equation may be written:

K1 (1 - es) - K2 es

or

K2/K 1  - (1 - 8)/es  - c (A3)

The quantity Os is the hydrogen coverage at the steady state, and

c is a constant. The mass balance and the current equations are

given as follows:

v(de/dt) - v1  - v2  (A4)

I - pFA(v I  + v2 ) (A5)

Substituting Eqn. (A3) into Eqns. (A4) and (A5), the following

expressions for i and v(dS/dt) are obtained:

v(de/dt) - Klexp(-aFE/RT) [1 - (c + 1)0] (A6)

I = pFAKjexp(-aFE/RT) [1 + (c- 1)6] (AT)

Solving Eqn. (A6) for e and substituting into Eqn. (A) yields:

6 - exp[- Iexp(-aFE/RT)dtr} (A8)1 ex[ 0 "

+ T. 4.
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aFE K t
i - pFAKlexp(- - ){1 + (c - 1)[1- exp(- - Jtexp(-aFE/RT)dt)])

0

..............................................(A9)

For the simplest case, i.e., K 1  a K 2  or c - 1, Eqns. (A8) and

(A9) reduce to the following forms:

ex-K 1 t ".b)

... .. 11 - exp - exp(-aFE/RT)dt]} (A O)-

i - pFAKlexp(-aFE/RT) %

or

E - - (in pFAK1 - in i) (All) t
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Table 3 Crack growth rates in acetate buffer

solution under potentiostatic condi-

tions at AK of 40 MPa-m1/2. 10- 7m/c

E (my) 0.1 Hz 1 Hz

open 9.14 4.12

-2000 4 004

-1100 4.06

-1000 8.71

- 800 4.24

- 600 4i,17

- 500 9.19

- 300 8.81

- 200 4.29

+ 250 8.48

* 450 4.14

Table 4 : Crack growth rates in acetate buffer

solution under potentiostatic condi-

tions at AK of 22 MPa-m 1 / 2. 10-7m/c

E (mv) 0.1 Hz 0.5 Hz

open 3.20 1.80

-1000 3.12 11.80

- 300 3.00
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FIGURE CAPTIONS

Figure 1: Comparison of crack growth data obtained in distilled
water and in acetate buffer solution as a function of
frequency (right side of figure) with those obtained
in vacuum and in water vtpyr (left side) at room
temperature (AK - 40 MPa-m ), which shows the con-
tinuous nature of cracking response.

Figure 2: Instrument for monitoring galvanic current and poten-
tial.

Figure 3: Crack growth data for modified HY130 steel in 40 Pa
water vapor, in air, and In vacuum at 293 and 373 K.
(R - 0.1 and f - 5 Hz).

Figure 4: Correlation between crack growth rates and the frac- ,.
tional surface coverage by atomic hydrogen.

Figure 5: Semi-logarithmic representation of galvanic current
transients at several temperatures.

Figure 6: Galvanic current transients at 297 K.

Figure 7: Current-potential relation during the transient.

Figure 8: Temperature dependence for corrosion fatigue crack
growth and for the Volmer reaction in buffered ace-
tate solution.

Figure 9: Comparison between measured current transients (solid
curves) and the computed values from the measured
potentials (open symbols).

Figure 10: Schematic diagram illustrating the current-potential
relation during a transient.

Figure 11: Four possible cases of the galvanic cell experiment
with cathodic cleaning to obtain a clean surface.

E.e : extraneous electrons accumulated by the
cleaning process.

A : anodic reaction process.
C : cathodic reaction process.
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FREQUENCY (Hz)

101 100 10 - 1 10- 2
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A K = 40 MPofi -0
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_0
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Figure 1: Comparison or crack growth data obtained In dis-
tilled water and In acetate buffer solution as
a function of frequency (right side of figure)
with those obtained In vacuum and In water vap, 2

(left side) at room temperature (AK - 4O MPa-m ),
which shows the continuous nature of cracking
response.
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Figure 3: Crack growth data for modified HY130 steel
in 4 Pawater vapor, in air, and in vacuum

at 293 and 373 K. (H *0.1 and f - 5 Hz.).
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Figure 41: Correlation between crack growth rates and the
fractional surface coverage by atomic hydrogen.
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Figure 5: Semi-logarithmic representation of galvanic
current transients at several temperatures.
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Figure 6: Galvanic current transients at 297 K.
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crack growth and for the Volmer reaction in

buffered acetate solution.
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